In this review the authors address the surgical strategies required to resect residual thoracic disc herniations. Fifteen patients who had undergone prior thoracic discectomy and who harbored residual or incompletely excised symptomatic thoracic discs were reviewed retrospectively. The surgical procedures that had failed to excise the herniated discs completely included 11 posterolateral approaches, one thoracotomy, and three thoracoscopic procedures. Of the incompletely resected or residual disks 13 were central calcified, two were soft, 12 were extradural, and three were intradural discs. Indications for reoperation were often multiple in each patient and included misidentification of the level of disc disease at the initial operation (five cases), abandoning the procedure because of intraoperative spinal cord injury (three cases), inadequate visualization of the pathology (eight cases), migration of a soft disc fragment within the spinal canal (one case), and intradural disc extension (three cases). The symptoms at the time of reoperation included myelopathy in 13 patients and radicular pain in two. The mean interval before reoperation was 150 days (range 1 day-4 years). The reoperation procedures included one thoracotomy and 14 video-assisted thoracoscopic procedures performed ipsilateral (11 cases) or contralateral (four cases) to the site of the initial surgery.
those that invaginate the dura and spinal cord are the most challenging lesions to treat surgically. In relatively few reported surgical series is there a discussion of the treatment of herniated thoracic discs. [1] [2] [3] [4] 6, 11, [13] [14] [15] [17] [18] [19] [20] [21] [22] [23] [24] [26] [27] [28] Furthermore, the literature does not address surgical treatment failures or strategies for the reoperation of residual or recurrent thoracic disc herniations.
Working among three tertiary referral centers that specialize in the treatment of thoracic discs, we have had the opportunity to treat 15 patients surgically for symptomatic residual thoracic discs. This experience has allowed us to examine the factors that contributed to incomplete disc removal and to recommend several reoperative strategies to ensure complete removal of these lesions while causing minimal morbidity.
CLINICAL MATERIAL AND METHODS
The clinical records, radiographs, and imaging studies of 15 patients who had undergone prior thoracic discectomy and who harbored residual, incompletely excised symptomatic thoracic disc herniations were reviewed retrospectively. This number represents 8% of the 187 patients with thoracic disc disease referred for surgery to our three facilities between 1992 and 1996. Their original radiographs and imaging studies, clinical records, and operative records were reviewed, and the original surgeons were usually contacted to discuss the original operations.
At the time of referral to our facilities for reoperation, the diagnostic studies, clinical characteristics, residual disc material, reoperative strategies, and clinical outcome of the patients were assessed. The details of the reoperative procedures, complications, and postoperative course were examined thoroughly. Postoperative computerized tomography (CT) scans and/or magnetic resonance (MR) images were obtained in all patients. Follow-up review consisted of outpatient office visits in which clinical examinations were performed and radiographs reviewed to assess spinal alignment, as well as evaluation of any imaging studies that were performed. In all patients either postoperative MR imaging or CT studies had been perfomed to assess the extent of decompression. In all patients who underwent spinal reconstruction, internal fixation, and fusion procedures, follow-up plain radiographs were obtained of the thoracic spine, including lateral flexion and extension views. The radiographs were evaluated for the presence of trabecular bone bridging on the fusion surfaces, motion on dynamic radiographs, and instrumentation loosening or breakage. The x-ray films and CT or MR imaging studies were evaluated by the authors and by independent radiologists.
RESULTS
The surgical procedures first performed to treat thoracic disc herniations included 11 transpedicular or costotransversectomy approaches, one thoracotomy, and three thoracoscopic approaches. In all 15 cases, the initial excision was unsuccessful. The location of the disc herniations are provided in Table 1 .
There were 13 centrally located calcified or ossified discs and two soft disc herniations (Fig. 1) . Twelve of the discs were extradural and three extended transdurally. The symptoms at the time of reoperation included progressive myelopathy due to spinal cord compression (nine cases), persistent myelopathy or myeloradiculopathy without neurological recovery (four cases), and isolated thoracic radicular pain without myelopathy (two cases). Fig. 1 . Imaging studies. Left: Postmyelography axial CT scan obtained in a patient who had undergone a prior transpedicular approach that failed to remove the original transdural calcified thoracic disc herniation at T8-9. The patient's initial operation was aborted when the somatosensory evoked potentials dropped out during an attempt to manipulate the disc fragment. Only a small cavity was created in the T-9 vertebral body. The base of the calcified disc was partially disconnected from the vertebral body. The spinal cord was compressed, distorted, and displaced by the residual disc. Right: Sagittal MR image revealing spinal cord compression caused by the residual disc. This patient deteriorated neurologically and developed progressive myelopathy secondary to the residual compression.
There were often multiple reasons for reoperation: misidentification of the level of the symptomatic disc at initial operation (five cases), abandoning the operative procedure because of intraoperative neurological injury (three cases), inadequate visualization of the lesion (eight cases), intraoperative migration of a soft disc fragment within the spinal canal (one case), and transdural extension of the disc (three cases).
The time interval between the initial surgery and reoperation was less than 24 hours in three patients. Of the patients who underwent reoperation during the acute phase, mislocalized levels that were recognized on postoperative radiographs prompted these reoperations in two patients. In one patient migration of a soft disc herniation within the spinal canal, cephalad to the original site, was demonstrated. The residual disc in this patient caused neurological deterioration, and reoperation was performed urgently. The time interval between the initial surgery and reoperation was longer than 1 month in 12 patients. The average interval was 150 days (range 1-48 months) in this group.
In all 15 cases of reoperation, an anterolateral approach was performed using video-assisted thoracoscopy (14 patients) or thoracotomy (one patient).
Eleven reoperative proceedures were performed ipsilateral and four contralateral to the site of the initial surgery. Even in the one patient who had undergone a prior thoracotomy, lung adhesions were mild or moderate and could be detached endoscopically to allow access for reoperation using thoracoscopy.
The procedure for anterior thoracic discectomy has been described previously. [7, 22, 25] Briefly, the rib head and pedicle were removed to expose the dura. A cavity was created in the dorsal disc space and vertebral body to provide enough working space to move the disc material away from the spinal canal, thereby facilitating the entry of any tools into the epidural space. For the removal of large ossified or intradural discs, a corpectomy was required to expose fully the spinal cord (Figs. 2 & 3). Fig. 1 , and corresponding illustration. Intraoperative photograph 1 (upper left) and corresponding illustration depicting the right-sided thoracoscopic approach used to resect this calcified disc using a partial corpectomy (upper right). The rib heads and pedicles were removed to expose the lateral surface of the dura. Intraoperative photograph (center left) and corresponding illustration depicting the corpectomy cavity created in the vertebral body to expose the entire ventral and lateral surfaces of the dura at the site where the spinal cord was compressed (center right). This large cavity created a working space to allow the disc to be removed from the surface of the spinal cord by using endoscopic microdissection tools. Intraoperative photograph (lower left) and corresponding illustration depicting the calcified disc fragment separated from the dura and removed with a disc rongeur (lower right). All operative illustrations are used with permission from Barrow Neurological Institute. Fig. 3 . Postoperative CT scan revealing a complete decompression. The corpectomy was reconstructed using a humerus allograft and a screw plate.
Of the 15 patients, 10 also required adjunctive spinal reconstruction and internal fixation procedures to restore or maintain spinal stability. Stabilization was considered when a corpectomy was performed or when extensive bone was resected circumferentially (that is, when both anterior and posterolateral approaches had been performed) at the same level during the multiple operative procedures. The spinal reconstruction and fixation procedures consisted of eight anterior interbody bone grafts: in seven patients spinal instrumentation was placed, three patients had anterior screw plates, and four patients had posterior spinal fixations (Table 2 ).
In the three patients with intradural disc herniations, lumbar drains and/or lumboperitoneal shunts were placed to prevent or treat a cerebrospinal fluid (CSF) subarachnoid-pleural fistula. The dura was sutured closed or covered with fibrin glue and muscle or fascia after transdural disc material was removed.
Fourteen of the discs were removed completely during a single reoperative procedure. One patient who harbored a large, residual calcified intradural disc from a prior costotransversectomy required two staged reoperations. At the first, a portion of the intradural stalk of the disc was obscured by the edges of the dura enfolded around the intradural disc extension. This residual component was recognized on the postoperative CT scan, and the residual disc was removed in a second reoperative procedure the next day without sequelae (Figs. 4-6 ). Fig. 4 . A CT study in a patient who had undergone a prior bilateral costotransversectomy and transpedicular approach that had failed to remove this massive, lobular, ossified, transdural disc herniation. The patient sustained an intraoperative spinal cord injury during the initial surgery. Left: Postoperative axial CT scan revealing the residual calcified disc compressing and distorting the spinal cord. The left pedicle, part of the right pedicle, and the ribs were removed at this level. A left-sided thoracoscopic approach was then used to perform a corpectomy to resect the disc herniation. Right: Postoperative CT scan after the second surgery revealing a residual calcified disc fragment (arrow) compressing the spinal cord. Fig. 4 revealing the exposure and removal of the residual intradural disc fragment. The disc was removed completely, the dura was closed using fibrin glue, and a prophylactic lumbar drain was placed to reduce the hydrostatic pressure of the Complications of the reoperation included three cases of atelectasis, two cases of transient intercostal neuralgia, and one case of CSF collection within the pleural space. In one patient with severe osteoporosis removal of a loose anterior fixation screw was also required, but there were no sequelae. None of the reoperations caused new neurological deficits. With treatment, all cases of atelectasis, CSF leak, and intercostal neuralgia were completely resolved without sequelae.
Eleven of the 15 patients underwent followup of at least 2 years. At follow-up evaluation (mean 26 months, range 10-46 months), clinical improvement of neurological function was demonstrated in 10 of the 13 patients with myelopathy; in three patients myelopathy stabilized (Table 3 ). The isolated radicular pain improved in both patients with radiculopathy. Three of the 15 patients experienced mild or moderate chronic local spine pain but no radicular symptoms or disabling pain. The pain was attributed to local irritation of the tissue around the patient's posterior instrumentation in all three cases. No patients developed nonunion or delayed spinal instability. Postoperative imaging studies revealed in all patients that a complete decompression of the spinal cord and nerve roots was achieved. Radiographic evaluation of patients who underwent a fusion procedure in which instrumentation was used (all had a minimum of 2 years of follow up) revealed no cases of nonunion or instrumentation failure.
DISCUSSION
The resection of thoracic disc herniations can present formidable technical difficulties, especially if the discs are calcified, ossified, large, centrally located, broad based, or extend transdurally. Residual disc herniations that cause neurological symptoms secondary to spinal cord and nerve root compression tend to cause progressive deficits and should be considered for reoperation.
The two most common reasons for failure to remove a thoracic disc were mislocalization of the disc level and inadequate visualization of the diseased entity. The latter principally reflects choosing the wrong route of operative exposure. Although it is a problem inherent to operating in the thoracic spine, mislocalization can usually be avoided by carefully counting the number of ribs on preoperative chest radiographs and by using intraoperative anteroposterior fluoroscopy and radiographs to identify the disc space. If an anterior approach is used, the correct location can be confirmed by internally counting the rib heads. Other landmarks such as osteophytes can also be used to aid in localization.
Inadequate visualization of the pathology can be prevented by selecting an approach that provides a full view of the ventral spinal cord and herniated disc material and by removing enough of the vertebral body to ensure full visualization of the spinal cord. A corpectomy is often necessarily performed to identify normal dura above and below a large disc. The posterior longitudinal ligament should be removed to view the dura adequately.
Posterolateral Approaches
Posterior or posterolateral approaches provide an oblique view of the spinal canal (Fig. 7) . This view does not permit visualization of the ventral surface of the spinal cord. Even if bilateral transpedicular or costotransversectomy approaches are used, the surgeon cannot visualize the ventral dural surface or the interface of the ventral midline dura and the pathology. We believe that this inadequate visualization and exposure (by failing to make a large working space in the vertebral body) contributed to the spinal cord injuries that patients sustained during the original operations in which the posterolateral approaches were performed. Transpedicular or posterolateral approaches are indicated for treatment of small, laterally positioned thoracic disc herniations. However, the findings in our patients suggest that posterior or posterolateral approaches are contraindicated in patients with large, central, densely calcified, or transdural thoracic discs because they are associated with a risk of neurological deficits, spinal cord injury, and incomplete disc removal. Fig. 7 . Illustration revealing how posterolateral approaches to the thoracic spine do not permit the surgeon to visualize the ventral surface of the dura and spinal cord. Only the posterior and lateral surfaces of the dura are visible. The lateral third to half of the dorsal disc space and vertebral body can be viewed with this approach. The surgeon cannot see the ventral midline surface of the dura using this exposure. Illustration used with permission from Barrow Neurological Institute.
Anterior Approaches
An anterolateral approach, in which thoracotomy is performed or a thoracoscope is used, provides direct full visualization of the entire ventral surface of the dura and the ventral spinal cord (Fig. 8) . The anterior approach is indicated for the safe microsurgical removal of large, calcified, broad-based, midline, and transdural discs. A thoracotomy, which is an excellent alternative, has been the traditional anterior approach to the thoracic spine, is associated with excellent results for treatment of herniated thoracic discs, and may be the preferred approach for transdural discs to allow water-tight suturing of the dura. Thoracotomy is associated with a moderate incidence of postoperative pulmonary and shoulder dysfunction as well as postthoracotomy pain syndrome. [5, 8, 9, 12, 23] In our experience, with proper training, thoracoscopy has become the procedure of choice when an anterior approach is required to resect a herniated thoracic disc. Video-assisted thoracoscopy has several theoretical advantages over thoracotomy. It appears to be associated with less postoperative pain, fewer pulmonary complications, and faster recoveries; however, definitive data are required to assess these issues conclusively. [6, 9, 12, 15, 16, 23] Fig. 8. Illustration revealing how anterior approaches to the thoracic spine provide a panoramic view of the entire ventral surface of the dura and the spinal cord. Both thoracotomy and thoracoscopy provide this perspective, which is needed to permit safe microsurgical dissection of large, calcified, midline, broad-based, and intradural thoracic disc herniations. Used with permission from Barrow Neurological Institute.
Thoracoscopy-Guided Surgery
In experienced hands, video-assisted thoracoscopic surgery provides an excellent technique for both primary operations and reoperations in the treatment of herniated thoracic discs. In addition to being associated with a lower morbidity rate and a faster recovery time than thoracotomy, thoracoscopy-guided surgery provides direct access and visualization of the entire ventral surface of the spinal cord, which facilitates the procedure. [6, 10, 15, [22] [23] [24] [25] If the surgeon is inexperienced or lacks the training required to perform thoracoscopic discectomy safely, thoracotomy is recommended when a ventral approach is required for reoperation.
Thoracoscopy can be used successfully for the reoperation of thoracic discs despite the presence of pleural adhesions, scar tissue at the operative site, and distorted spinal anatomy. Thoracoscopy requires that pleural adhesions, if present, be detached to obtain spinal exposure. This option may not always be feasible if the patient has undergone a prior thoracotomy and has dense lung adhesions. Prior pleurodesis or an empyema or hemothorax can also preclude use of thoracoscopy.
To perform thoracoscopic discectomy in patients definitely requires extensive training, laboratory practice, new skill development, and mastering of the surgical techniques. Realization of these skills will enhance patient outcome and minimize complications associated with this surgical technique.
Intradural Discs
An open thoracotomy is currently the preferred procedure for microsurgical resection of intradural discs. If the discs extend transdurally, water-tight dural closure can be best achieved using direct suturing rather than endoscopically assisted suturing. Endoscopically, dural closure can be achieved using fibrin glue and covering the dura with a muscle or fascial graft. Lumbar drainage and avoiding negative pressure on the chest tube (that is, placing the chest tube to water seal) are strategies to avoid a CSF-pleural fistula. The lumbar drain should be kept in place for at least several days after the chest tubes are removed.
Role of Fusion
Most routine thoracic disc herniations do not require instrumentation and fusion because the facets, rib cage, and remaining thoracic spine adequately stabilize the spine. However, if a corpectomy is required to resect a large thoracic disc, or if in performing multiple anterior and posterior approaches to resect a residual disc the spine has become destabilized, then internal fixation and fusion are required. In more than half of the patients who underwent reoperations for thoracic discs spinal fusion was required. In all patients posterior approaches had been used (costotransversectomy with laminectomy and facetectomy) and anterior-approach reoperations were performed with partial or subtotal corpectomies; by using the combination of procedures extensive bone was resected circumferentially across the vertebral column. In contrast, fusion is rarely required after a first operation for resection of a herniated thoracic disc.
CONCLUSIONS
Based on our experience in performing reoperations for the treatment of herniated thoracic discs, several conclusions can be drawn. 1) Thoracic discs can be difficult to resect if the disc herniations are calcified, large, broad based, centrally located, or intradural. These lesions require a ventral operative approach to obtain adequate visualization of the dura to resect the discs completely. 2) Residual disc herniations that cause spinal cord or nerve root compression tend to cause progressive neurological deficits and should be treated with reoperation. 3) Posterior and posterolateral approaches to the thoracic spine provide an oblique view of the ventral spinal cord, a view that does not permit visualization of the ventral spinal cord. These approaches are best suited for small, soft, or calcified disc herniations that are laterally positioned within the spinal canal. The posterolateral approaches are contraindicated for large, central, densely calcified, or transdural discs because they carry a high risk of neurological deficits, spinal cord injury, and incomplete disc removal. 4) Thoracotomy and thoracoscopy are both excellent alternatives for ventral access to the thoracic spine. 5) Video-assisted thoracoscopic surgery provides an excellent technique for reoperation that can be used successfully despite the presence of scar tissue at the operative site, distorted spinal anatomy, and focal pleural adhesions. In experienced hands, the use of thoracoscopy minimizes morbidity and facilitates recovery, while providing direct access and visualization of the entire ventral surface of the spinal cord.
